A large number of complex glycosylation mechanisms take place in the Golgi apparatus. In epithelial cells, glycosylated protein molecules are transported to both the apical and the basolateral surface domains. Although the prevailing view is that the Golgi apparatus provides the same lumenal environment for glycosylation of apical and basolateral cargo proteins, there are indications that proteoglycans destined for the two opposite epithelial surfaces are exposed to different conditions in transit through the Golgi apparatus. We will here review data relating proteoglycan and glycoprotein synthesis to characteristics of the apical and basolateral secretory pathways in epithelial cells. (J Histochem Cytochem 60:926-935, 2012) 
The Golgi apparatus, discovered by histological studies more than a century ago, was established as a central organelle system of the secretory pathway in metazoans in the 1960s and 1970s (Palade 1975) . This distinct cellular structure is observed as stacks of membrane-enclosed saccules termed cisternae and is a main site for glycan modification of proteins and lipids. Protein glycosylation in the secretory pathway generates three main classes of glycan structures. By far the most prevalent mechanism is N-linked glycosylation of asparagine residues, initiating already co-translationally in the lumen of the endoplasmic reticulum (ER). Preformed mannose-rich branched glycan structures of 14 monosaccharides are enzymatically transferred en bloc to asn-x-ser/thr sites in translocating polypeptides. The initial glycan structure is subjected to further modifications, as the protein moves forward in the secretory pathway. Another glycosylation mechanism, O-linked glycosylation, starts by addition of an N-acetyl-galactosamine (GalNAc) residue to a serine or threonine. This takes place early in the Golgi apparatus, or just prior to entry into the cis-most Golgi cisternae. Further extension by the action of a number of glycosyltransferases results in branched O-glycans of variable structure. The third major glycosylation mechanism is polymerization of long, linear glycosaminoglycan (GAG) chains onto proteins, resulting in proteoglycans (PGs). The major classes of GAG chains that decorate PGs are chondroitin sulfate (CS)/dermatan sulfate (DS) and heparan sulfate (HS)/heparin. These are all connected to the protein core via a linker tetrasaccharide extending from ser-gly sites in the polypeptide. In addition, some PGs carry keratan sulfate (KS) GAGs, where the connection to the protein core is via N-or O-linked glycosylation. The different classes of GAG chains are defined by their constituent disaccharide units that are enzymatically polymerized in the Golgi apparatus and subsequently further modified by epimerization and sulfation.
The glycan portions of glycoproteins and PGs are important to their functional features at their site of action in intracellular membrane structures or extracellularly. However, glycan structures and the glycosylation process itself are often essential for control of protein folding and anterograde transport of glycoproteins and PGs to their destinations. Alterations in glycan structures, introduced by enzymes encountered in the secretory pathway, are actively used for quality control or sorting (Fiedler and Simons 1995) . Forward transport toward the Golgi apparatus of a number of glycoproteins carrying N-glycans has been shown to require ERGIC-53/p58, VIP-36, and related lectins (Hauri et al. 2000) . At the terminus of the Golgi apparatus, the trans-Golgi network (TGN), synthesis of glycoproteins and PGs is essentially completed. The TGN is regarded as a major sorting site, organizing further transport of proteins and lipids to intracellular membrane structures (endosomes, lysosomes, or storage granules) or the cell exterior (plasma membrane and secretion).
An additional layer of complexity is introduced to cellular organization and molecular sorting processes in polarized cells, such as neurons, hepatocytes, and endothelial and epithelial cells. In such cell types, the plasma membrane is divided into distinct domains with different protein and lipid composition. Cell surface polarity is also reflected in intracellular transport pathways in the way that stringent sorting mechanisms are required to avoid protein mis-sorting and to maintain cell surface domains of differential molecular compositions. Different classes of glycans have been suggested to be of importance to such sorting mechanisms, as the polarized transport of several proteins is either dependent on or influenced by the glycan portion of the protein (Fiedler and Simons 1995) . The cell systems mostly used for studies of polarized protein transport are monolayers of epithelia. In the physiological context, epithelial cells face the lumens of body cavities with their apical membranes, rich in microvilli, whereas the opposite, basolateral domain provides attachment to the underlying tissues and uptake of nutrients from the blood supply. The segregated membrane domains at the opposite sides of an epithelial monolayer, as well as the efficient barrier to domain mixing and intercellular leakage established by tight-junction protein complexes, make epithelial cells the most convenient system for studies of polarized sorting and secretion of macromolecules. We, among others, have used the epithelial Madin-Darby canine kidney (MDCK) cell line to address the role of glycans in polarized transport. More precisely, we have investigated the involvement of GAGs and N-glycan modifications in transport and targeting of secretory proteins. Our results support an impact of GAG modification on PG sorting events, particularly for apical transport of CSPGs. However, we also acknowledge the complexity of polarized transport routes and the glycosylation machineries in polarized cells. The sequential steps of GAG synthesis (for review, see Prydz and Dalen 2000) might occur just before, concomitantly, or just after segregation of PG cargo into transport routes for apical or basolateral delivery . The interplay between GAG modification and sorting into the apical and basolateral transport routes is thus not fully understood. Here we will review studies of PGs in polarized epithelial cells and discuss the findings in relation to organization of the secretory pathways and possible GAG synthesizing complexes.
Proteoglycans in Epithelial MDCK Cells
The kidney epithelial MDCK cell line synthesizes mainly HSPGs and CSPGs (Caplan et al. 1987; Svennevig et al. 1995; Erickson and Couchman 2001) and, to a minor extent, KSPGs (Toma et al. 1996) . The HS chains are carried by the basement membrane PGs perlecan, agrin, and collagen XVIII (Erickson and Couchman 2001) , which are mainly secreted at the basolateral side of the epithelial cell layer (Caplan et al. 1987; Svennevig et al. 1995) . The HS GAGs of the GPI-anchored PG glypican have been implicated in basolateral transport in epithelial CaCo-2 and MDCK cells (Mertens et al. 1996) . HS GAGs secreted from MDCK cells have been shown to be sulfated in three positions: at N and C-6 of N-acetyl-glucosamine (GlcNAc) and at C-2 of uronic acid (UA) (Safaiyan et al. 2000) . 3-O-sulfation, modifying the GlcNAc in position C-3, may alter the biological activity and anticoagulant properties of the GAG chain but has not yet been observed in MDCK cells. However, anticoagulant HS and expression of 3-Osulfotransferases have been observed in human glomerular epithelial cells (Girardin et al. 2005) , in the corresponding basement membrane (Edge and Spiro 1990) , and in other tissues (Lawrence et al. 2007) . A variable degree of modification results in non-sulfated, di-and trisulfated disaccharide units along the chains. The average sulfate to disaccharide ratio of both apically and basolaterally secreted HS in MDCK cells is close to 1:1 ). However, HS GAGs secreted from MDCK cells are heterogeneously sulfated along the GAG chain, giving rise to stretches of 4 to 12 disaccharide units of more densely sulfated domains interspaced by low or non-sulfated regions (Safaiyan et al. 1999 (Safaiyan et al. , 2000 . MDCK II cells secrete several CSPGs (Erickson and Couchman 2001) , which are preferentially transported apically (Svennevig et al. 1995) , as are free GAG chains on hexyl-β-D-thioxyloside , suggesting that CS GAGs possess sorting information facilitating apical delivery. However, CSPGs are observed in the basement membrane in rat kidney (McCarthy et al. 1990; Schaefer et al. 1998) , indicating that CSPGs also are transported to the basolateral side of the epithelial cell layer. A single CS GAG chain does not seem to be sufficient to direct apical transport, since neither amyloid precursor-like protein 2 (Lo et al. 1995) nor the asialoglycoprotein receptor H1 subunit (Kobialka et al. 2009 ) was sorted apically when carrying one CS chain. CS GAGs secreted from MDCK cells consist of disaccharides that are non-sulfated, monosulfated either by 4-O-sulfation or 6-O-sulfation (C-4 or C-6 in GalNAc), or disulfated, having both C-4 and C-6 modified Grøndahl et al. 2009 ). 2-O-sulfation of epimerized UA, iduronic acid (IdoA), has been demonstrated in IdoA blocks in dermatan sulfate (Pacheco et al. 2009 ) but has, to our knowledge, not been observed in epithelial cells. Comparing the pools of CS secreted apically and basolaterally, the basolateral fraction is more densely sulfated. The difference in sulfation is partly also a difference in modification. When analyzing the pool of secreted endogenous CSPGs, 4-O-sulfation dominated both in the apical and basolateral fractions, whereas 6-O-sulfation was mainly observed for basolaterally secreted CS GAGs . A distribution of CS disaccharide units into domains of different sulfate densities, as seen for HS GAGs, has not been demonstrated. If such domain variability exists, this could contribute to the sulfation differences observed for apically and basolaterally secreted CS GAGs.
Model PGs Give Insight into Polarized Synthesis and Transport
To further dissect the mechanisms of polarized synthesis and secretion of PGs, we have employed the use of secreted recombinant model proteins and PGs. This is an attractive approach, as it allows analysis of a single species of PG. Construction of green fluorescent protein (GFP) fusion proteins facilitates confocal microscopy of intracellular location and transport dynamics, as well as easy biochemical detection and purification. Analysis of the GAG chains of the model PG serglycin-GFP (SG-GFP) (Tveit et al. 2005; Vuong et al. 2006 ) gave strong indications of pathway-specific modifications of PGs. When expressed in MDCK cells, SG-GFP acquired mainly CS chains and was recovered predominantly from the apical medium. However, the GAGs on SG-GFP secreted basolaterally were more intensely sulfated than their apical counterparts. The apical and basolateral sulfation patterns and chain lengths were also different. Disaccharide analysis of the recombinant SG-GFP revealed predominantly CS 4-O-sulfation on the apical CS chains, whereas CS 6-O-sulfation was mainly seen in the basolateral pathway (Tveit et al. 2005; Vuong et al. 2006 ). Inhibition of 3′-phosphoadenosine-5′-phosphosulfate (PAPS) synthesis by chlorate treatment did not alter the sorting polarity of SG-GFP. However, the two pathways responded differently to the reduced availability of the sulfate donor PAPS. The synthesis machinery gave priority to sulfation of HS GAGs on basolaterally secreted molecules, whereas basolateral CS chains lost sulfate and became longer. The differential response to chlorate treatment supports the view that GAG synthesis and sulfation are regulated differently in the apical and basolateral secretory pathways. Still, pathway-selective CS sulfation might not be a feature of all secreted PGs. When the GAG attachment domain from serglycin was transferred to the non-glycosylated protein rat growth hormone (rGH), a well-established secretory model protein, and expressed in MDCK cells (Hafte et al. 2011) , the resulting fusion protein was modified by CS-GAGs and predominantly secreted apically, in line with the apical sorting capability of CS chains. The difference in sulfation seen for SG-GFP in the apical and basolateral directions (Tveit et al. 2005; Vuong et al. 2006) , however, was no longer observed, indicating a role of a protein domain in serglycin outside the GAG attachment domain. Differences in CS synthesis have been observed in mouse mammary gland epithelial cells. In a comparative analysis of HS and CS of the transmembrane PGs syndecan-1 and syndecan-4, synthesized simultaneously in the same cell type (Deepa et al. 2004) , the HS chains of the two syndecan variants were structurally indistinguishable, whereas their CS chains were structurally and functionally distinct. The differences in CS synthesis might result from segregation of CS sulfotransferases in the Golgi apparatus or pathway-specific variability in their activities. Thus, Golgi organization in epithelial cells has a direct impact on PG synthesis.
Golgi Organization-Affecting GAG Synthesis and Transport
PG synthesis is a result of events in the Golgi apparatus. In the prevailing view of the secretory pathway, secretory proteins move forward in membrane-limited entities. Golgi enzymes reside in these membrane-enclosed cisternae, where their substrates are concentrated, and optimal reaction conditions, such as the proper pH, are provided. Morphological and biochemical analyses of the subcellular location of enzymes, combined with various means of transport inhibition, have confirmed a differential enzyme distribution in the cis-, medial-, and trans-Golgi regions. Especially the use of the brefeldin A (BFA) has been instructive. BFA is an inhibitor of protein trafficking in the endomembrane system of mammalian cells. In many cell types, BFA treatment leads to retrograde transport and fusion of Golgi cisternae components with the ER/intermediate compartment (IC), whereas the TGN remains seemingly intact. Secretory proteins do not reach the TGN, however, since the preceding Golgi cisternae are absent (Lippincott-Schwartz et al. 1991; Elazar et al. 1994; Dinter and Berger 1998) . Several studies, using BFA to distinguish events taking place in the TGN from those occurring in cis/medial-Golgi, have demonstrated differential effects on CS-and HS-GAG synthesis (Spiro et al. 1991; Sugumaran et al. 1992; Uhlin-Hansen and Yanagishita 1993) . These observations fit with a cis-trans sequential synthesis of HS-and CS-GAGs, where HS chain synthesis on protein cores seems to be mediated by enzymes that have returned from cis-and medial-Golgi to the ER in BFAtreated cells, whereas enzymes responsible for CS chain synthesis are localized more distally in the secretory pathway, presumably in the TGN, and are therefore inaccessible to secretory cargo proteins in the presence of BFA.
MDCK cells are less sensitive to BFA treatment, compared with most other cell types. Their Golgi apparatus is structurally intact, even in the presence of high doses of BFA. Still, secretory transport pathways are affected ). Both CS-and HS-GAG chain synthesis and sulfation in polarized MDCK cells are reduced by BFA. The apically secreted GAGs are affected at lower doses than basolaterally secreted GAGs Tveit et al. 2009 ). Moreover, when analyzing the effect of BFA on GAG synthesis in more detail, secreted HS GAGs were clearly affected. The amount of secreted HS GAGs was reduced and displayed reduced N-and 6-O-sulfation . Chlorate inhibits sulfate activation, carried out by PAPS synthase, converting sulfate and adenosine triphosphate (ATP) to PAPS, and reduces therefore the availability of PAPS. In MDCK cells, the addition of chlorate affects GAG synthesis differently than what is observed in the presence of BFA. CS sulfation is clearly more sensitive to low chlorate concentrations than HS sulfation is, whereas BFA reduces both . Also, HS GAGs secreted from MDCK cells treated with BFA and chlorate (Safaiyan et al. 1999 ), respectively, differ in structure: the latter leaves N-sulfation intact, whereas O-sulfation is reduced; the former clearly affects N-sulfation in addition to 6-O-sulfation. These observations argue that both substrate availability and Golgi transport dynamics are involved in regulating GAG synthesis.
GAG Synthesizing Enzymes-Complex Formation and Localization
Synthesis of both HS-and CS-GAGs is initiated early in the secretory pathway by O-glycosylation, adding xylose to a serine residue of the protein core. Further linker tetrasaccharide formation and modification must be completed before the involvement of polymerizing enzymes, epimerases, and sulfotransferases. The initial activities of xylosyltransferases I and II (XT I and II) (Götting et al. 2000; Schön et al. 2006) , galactosyltransferases β4Gal-T7 (Esko et al. 1987; Almeida et al. 1999 ), β3Gal-T6 (Bai et al. 2001) , and glucuronyltransferase I (Kitagawa et al. 1998) all reside in the early secretory pathway. When disrupting secretory transport by BFA, XT I and II redistributed to the ER (Schön et al. 2006 ). When expressing a modified decorin carrying a KDEL ER-retrieval signal in COS-7 cells, the GAG attachment site carried a pentasaccharide consisting of the four linker sugars and the first GalNAc of a CS disaccharide. Also, the N-glycans were endo-H sensitive, indicating retrieval of decorin-KDEL before reaching the medial-Golgi (Jönsson et al. 2003) . The transferases involved in linker region synthesis are affected by sulfate and phosphate modifications on individual saccharides (Gulberti et al. 2005; Tone et al. 2008 ). In the case of CS GAG chain initiation, sulfation of linker galactose 1 and 2 increases the activity of the subsequent CS GalNActransferase I, committing the polymer to CS synthesis (Gulberti et al. 2012 ). This suggests that early events influence whether a CS/DS chain is formed, whereas the GAG polymerization itself is shown to take place later, in the TGN.
The GAG polymerizing and modifying enzymes are thought to act in a coordinated fashion, facilitating concomitant synthesis and sulfation of GAGs. In vitro incubation of Golgi-enriched subcellular fractions after chlorate treatment of MDCK cells revealed no increase in sulfate incorporation (K. Prydz, unpublished observation) . This suggests that post-synthesis sulfation of undersulfated GAG chains does not occur. However, the degree of co-localization and cooperation between the enzymes involved is uncertain. Oligomers of CS synthases 1 to 3 facilitate efficient synthesis of CS GAGs (Kitagawa et al. 2003; Izumikawa et al. 2008) . Pull-down experiments, as well as morphological data, demonstrate enzyme complex formation in the Golgi apparatus, with functional consequences for CS synthesis Ogawa et al. 2010) . A differential combination of CS synthesizing enzymes is a potential regulatory mechanism of GAG synthesis, but the distribution of these complexes within the Golgi apparatus and their relation to Golgi organization and transport have not been resolved. For instance, CS 4-O-sulfation of decorin reappear more rapidly than 6-O-sulfation after reversal of BFA treatment in rat fibroblasts (Moses et al. 1997) . Enzymes involved in HS GAG synthesis and modification, EXT1 and 2 (McCormick et al. 2000) , EXTL 3 (Busse et al. 2007) , and NDSTs (Ledin et al. 2006; Presto et al. 2008) , oligomerize and form multienzyme complexes in the Golgi apparatus. This "gagosome" model suggests that competition between various enzymes for participation in functional complexes could regulate chain length and sulfation intensity of HS GAGs.
In addition to the synthesizing enzymes, availability of precursors influences GAG synthesis. UDP-sugars and PAPS are synthesized in the cytoplasm and translocated into the Golgi lumen by nucleotide sugar transporters (NSTs) and PAPS transporters (PAPSTs). Translocation into the restricted Golgi luminal space increases the concentration 50-to 100-fold (Hirschberg and Snider 1987) . The NSTs harboring translocation activities required for PG synthesis have all been cloned (Ishida and Kawakita 2004) and display variable substrate specificity (Ashikov et al. 2005) . Homodimer formation has been reported for the GDP-mannose transporter in yeast (Gao and Dean 2000) . Also, interaction between a UDP-gal transporter and a galactosyltransferase has been described (Sprong et al. 2003) . However, to what extent partitioning and distribution of NSTs and PAPSTs within the Golgi complex contribute to variability in PG structure is not known. We have investigated the role of PAPST1 in the synthesis of GAGs in polarized MDCK cells . By stable expression of recombinant PAPST1-GFP in MDCK cells, CS sulfation in the apical pathway was increased. When isolating Golgi vesicles from these cells by subcellular fractionation, we could observe increased PAPS uptake and GAG synthesis in vitro . The effect on CS sulfation could be explained by elevated PAPS concentration in the Golgi lumen. However, the differential effect on CS sulfation in the apical and basolateral pathways suggests pathway-specific changes. Figure 1 shows the location of PAPST1-GFP at one side of the Golgi, presumably in the TGN. Further investigations into possible domain formations, involving the NSTs and PAPSTs, together with the synthesizing enzymes (already suggested to operate in complexes), are needed to clarify the effects of possible colocalization and/or complex formation.
Enzymes involved in modification of the GAG chains, the epimerases and sulfotransferases (reviewed in KuscheGullberg and Kjellen 2003), have been observed in oligomeric complexes. The HS-modifying C-5-epimerase, which converts glucuronic acid to iduronic acid, and the 2-O-sulfotransferase do interact (Pinhal et al. 2001) . The 6-O-sulfotransferase involved in HS sulfation forms oligomers required for Golgi localization and enzyme activity (Nagai et al. 2004) . In MDCK cells, we have observed a tendency for there to be more 6-O-sulfated CS in the basolateral pathway (Tveit et al. 2005; Dick et al. 2008 ). This could be due to partitioning of enzymes in the Golgi apparatus into different synthesizing domains or pathways, as depicted in Fig. 2 and discussed in Prydz et al. (2008) .
Effects of pH
As proteins move along the secretory pathway, they encounter gradually more acidic stations, from a neutral ER via a slightly acidic IC (Palokangas et al. 1998; AppenzellerHerzog et al. 2004 ) to a pH around 6.0 in the TGN (Seksek et al. 1995) . The slightly acidic pH in the secretory pathway is required for a number of posttranslational modifications, such as glycosylation, sulfation, proteolytic processing, and binding of ionic copper (Weisz 2003; Paroutis et al. 2004; Caldwell and Howell 2008) .
To acidify the organelles, V-ATPase is considered responsible. This proton pump consists of two distinct domains: V 0 , which is transmembrane, and V 1 , which is cytoplasmic and anchored to the membrane via interaction with the V 0 domain. In kidney tubuli epithelial cells, such as MDCK cells, the apical plasma membrane domain is particularly active in proton pumping. Consequently, the V-ATPase is more abundant in the apical secretory pathway than in the corresponding basolateral pathway in these cells (Gong et al. 2010) . To overcome the membrane potential generated by pumping protons into organelles, anion channels letting anions, mainly chloride, into the organelles contribute to the generation of an acidic environment (Maeda et al. 2008 ). The pH is also regulated by a proton leakage, as well as possibly by anion leakage, into the cytoplasm (Caldwell and Howell 2008; Carraro-Lacroix et al. 2010) .
Several compounds have been used to disrupt pH gradients within the secretory pathway. Bafilomycin A 1 (Baf) and concanamycin (conc) are specific inhibitors of the V-ATPase, whereas chloroquine and ammonium chloride are weak bases, and nigericin is an ionophor. Neutralization by such drugs has been shown to affect glycosylation of proteins and lipids, as well as transport and sorting in the secretory pathway. For example, terminal sialylation of Nand O-glycans in the TGN is inhibited when the pH gradient is dissipated (Thorens and Vassalli 1986; Gawlitzek et al. 2000; Axelsson et al. 2001; Campbell et al. 2001) . Alterations in glycosylation induced by pH elevation could be due to changes in enzyme expression, localization or activity, altered interactions with partners, or volume increase of Golgi compartments. Although mRNA and enzyme levels for β1,4-galactosyltransferase (β1,4-GT) and β-galactoside α-2,3-sialyltransferase (ST3Gal-I) remained unchanged in the presence of ammonium chloride, the enzymatic activities decreased as much as 50% to 60% (Gawlitzek et al. 2000) . In a later study, ST3Gal-I failed to terminally sialylate an N-glycosylated reporter protein Figure 1 . 3′-Phosphoadenosine-5′-phosphosulfate transporter 1 (PAPST1) distribution in the Golgi apparatus of polarized cells. Madin-Darby canine kidney (MDCK II) cells expressing PAPST1-green fluorescent protein (GFP) were grown on polycarbonate filters for 4 days, fixed, and sectioned into 70-nm-thin sections in the cryomicrotome. Prior to examination by transmission electron microscope, the section was immunogold labeled using anti-GFP (Ab6556; Abcam, Cambridge, UK) and protein-A-Gold, followed by staining with uranyl acetate. Gold particles labeling PAPST1-GFP are observed at one side of the Golgi structure (black dots indicated by arrowheads). Scale bar = 500 nm.
(CEA), when the pH was elevated by as little as 0.2 units by chloroquine (Rivinoja et al. 2009 ). This implies that fine tuning of pH is required to locally regulate steps in protein glycosylation.
Enzyme interactions and localization may also be affected when pH is elevated (Chen et al. 2000; Hassinen et al. 2011) . Enzymes in the N-glycosylation pathway, galactosyltransferase-I (GalT-I) and β-galactosamide α-2,6-sialyltranferase-I (ST6Gal-I), are capable of forming homo-and heterodimers in live cells (Hassinen et al. 2010) . Fluorescence resonance energy transfer (FRET) analysis revealed that glycosyltransferases form glycosylation pathway-specific heteromeric complexes, such as GalT-I·ST6Gal-I in N-glycosylation and polypeptide N-acetylgalactosaminyltransferase-6 (ppGalNAcT-6)·Glycoprotein-N-acetylgalactosamine β-3-galactosyl transferase (C-1GalT-I) in mucin-type O-glycosylation (Hassinen et al. 2011) . In contrast, complex formation between enzymes from each of the two glycosylation pathways was not observed. Non-reducing SDS-PAGE and size exclusion chromatography revealed a mass of 180 to 190 kD for the GalT1·ST6Gal-I complex, indicative of homo-and heteromeric tetramers. Heteromeric complexes displayed higher enzymatic activities and were more pH-sensitive than homomers (Hassinen et al. 2011) . Homodimerization is also sensitive to pH. When ST6Gal-I was extracted at pH 6.8, it was observed as a homodimer, but when extracted at pH 8.0, the enzyme was more soluble and monomeric (Chen et al. 2000) . Several glycosyltransferases have been shown to change cellular localization in response to dissipation of the pH gradient. GalNAc transferase 2, β1,2 GlcNAc transferase I, and β1,4 GT 1, normally localized in the Golgi apparatus and TGN, were relocalized to the cell surface after the pH gradient was disrupted by Baf (Axelsson et al. 2001; Rivinoja et al. 2009 ).
Synthesis of GAGs is affected by elevated pH in the Golgi apparatus. In several tissues from cystic fibrosis transmembrane conductance regulator (CFTR) knockout mice, CS/DS was more intensely sulfated than in control mice (Hill et al. 1997) . A role of CFTR in Golgi pH regulation is, however, not generally established (Machen et al. 2001) . We have investigated GAG synthesis in MDCK cells after elevating Golgi pH. Adding 0.5 µM Baf to MDCK cells enhanced sulfation of apically secreted CS/DS GAGs, whereas HS GAG chains became longer (Grøndahl et al. 2009 ). The effect of Baf treatment differed in the apical and basolateral pathways. This indicated that PG synthesis in the apical secretory route through the Golgi apparatus is more sensitive to inhibition of the V-ATPase. One would expect that most of the apically targeted V-ATPases travel through the apical secretory pathway and are active already in transit through the Golgi apparatus. As a result, the apical pathway will have a lower internal pH compared with the baslolateral route. Indeed, changes to the apically secreted GAGs induced by Baf neutralization led to major changes to GAG synthesis in the apical route, whereas basolaterally secreted GAGs were less affected (Grøndahl et al. 2009 ).
Conclusion
Accumulating evidence demonstrates that glycosylation mechanisms in the Golgi apparatus are regulated by several important mechanisms in parallel, and that manipulation of these mechanisms leads to significant changes in the output of PGs and glycoproteins. Several studies indicate that the apical and basolateral secretory routes in epithelial MDCK cells offer different conditions for glycosaminoglycan synthesis, implying an early segregation of the two pathways (Fig. 2) . Further studies concentrating on both Golgi organization and proteoglycan and glycoprotein synthesis are required to address this possibility.
